We used functional magnetic resonance imaging to explore, in individual subjects, the properties of the kinetic occipital (KO) region, which previous position emission tomography studies have shown to be involved in the processing of kinetic boundaries. The KO region was significantly activated in 23/25 subjects tested in the subtraction of uniform motion from kinetic gratings. The KO region is genuinely specialized for processing kinetic boundaries since it is significantly more activated by kinetic gratings than by luminancedefined gratings, uniform motion or transparent motion. This leaves only the kinetic boundaries, created by discontinuities in motion direction, as the specific stimulus aspect, activating the KO region. The KO region is anatomically and functionally distinct from areas MT/V5, V3 and V3A. It also has minimal overlap with the lateral occipital (LO) region. The selective activation of the KO region is robust and relatively immune to changes in stimulus size, spatial frequency and type of kinetic boundary. These results strongly argue for the view that the KO region is a new, separate, functional region in human occipital cortex.
Introduction
Luminance borders are inherently ambiguous since they may correspond either to object boundaries or to intrinsic or extrinsic surface features. One way to disambiguate these luminance edges is to verify whether they coincide with other image discontinuities such as texture or motion discontinuities. Motion discontinuities, particularly discontinuities in motion direction, give rise to the perception of kinetic boundaries, which appear as distinct as luminance borders to the human eye. The processing of such contours in the primate brain is only partially understood. It has been shown in the monkey (Sáry et al., 1993 (Sáry et al., , 1995 as well as in humans that at later stages in the ventral, occipito-temporal pathway, kinetic contours converge with luminance borders. Initial lesion studies had suggested that area MT/V5 plays an important role in the motion preprocessing of kinetic boundaries (Marcar and Cowey, 1992) . Indeed, MT/V5 neurons with their antagonistic surrounds (Allman et al., 1985; Tanaka et al., 1986; Raiguel et al., 1995) are well equipped for extracting discontinuities in motion direction. This extraction may be seen as a preprocessing step in the creation of selectivity for kinetic boundary orientation (Orban and Gulyás, 1988 ). Yet subsequent single cell and lesion studies (Lauwers et al., 1995) in the monkey have shown that area MT/V5 plays only a limited role in the preprocessing of kinetic boundaries.
In humans we have identified a region, distinct from area MT/V5, that seems to be involved in the processing of kinetic boundaries. Initially, the kinetic occipital (KO) region was discovered by comparing regional cerebral blood f low (rCBF) distributions evoked by counting gratings of a given orientation when they are defined by motion differences and by luminance differences . A subsequent positron emission tomography (PET) study showed that the KO region was differentially active when comparing the passive viewing of kinetic gratings with the passive viewing of uniform motion. This study demonstrated that the activation by kinetic gratings in comparison to luminance defined gratings was not due to local motion present between the kinetic boundaries. It thus provided further evidence for the role of the KO region in the processing of kinetic boundaries.
We used the finer spatial resolution of functional magnetic resonance imaging (fMRI) and its potential for repeated scanning to address a number of questions raised by these PET studies. First, group studies provide no information on the reproducibility across subjects or the anatomical variation in location. Therefore we compared fMRI activation by presentation of kinetic gratings to that of uniform motion in a large number of subjects. Second, the comparison of kinetic gratings and uniform motion isolates not only the presence of the kinetic contours but also the presence of dots moving in opposite directions. To distinguish between these two aspects, we compared kinetic gratings to transparent motion. Third, others have claimed that the dynamic form differentially activates V3 (Zeki, 1993) and the coordinates of the KO region place it close to area V3. Also the anatomical relationships between the KO region and areas V3A (Tootell et al., 1995a) and the lateral occipital (LO) region (Malach et al., 1995) are unclear. Therefore we visualized these three regions using stimuli described by others (Malach et al., 1995; Sereno et al., 1995; Shipp et al., 1995; Tootell et al., 1995a) and compared their localization to that of the KO region within the same subjects. Finally, we investigated the generality of our observations by exploring how stimulus size, spatial frequency and type of kinetic boundary inf luence the activation of this region. We compared activation of the KO region evoked by straight kinetic boundaries, by curved boundaries such as those used by Reppas et al. (1996) , and by kinetic letters like used by Goebel et al. (1996) . These fMRI studies demonstrate that the KO region is indeed selective for the processing of kinetic boundaries, and is distinct from known existing occipital areas.
Materials and Methods

Subjects
Twenty-seven normal subjects (9 female, 18 male) participated in the present study. None of these subjects participated in earlier PET studies of the KO region Dupont et al., 1997) . Their age ranged from 18 to 27 years, with a median of 23 years. The subjects gave their informed consent and the experiments were approved by the ethical committee of the Katholieke Universiteit te Leuven medical school. All subjects had normal or corrected-to-normal vision. Twenty-four were right-handed, two left-handed and one ambidextrous according to the Edinburgh Inventory. The subject's head was immobilized by straps in the initial experiments, but the last 20 subjects were tested using a bitebar. They were instructed to fixate the red fixation spot on a translucent screen, which they viewed through a mirror tilted at 45°. Since no eye movements could be recorded during the image acquisition, subjects were trained in a preliminary session outside the scanner to maintain fixation, which was monitored by electrooculogram (EOG) during stimulus presentation.
Image Acquisition
A functional time series consisted of 120 gradient echo (GE) echoplanar imaging (EPI) scans (Siemens Vision 1.5 T) acquired every 3 s (T R /T E = 3000/66 ms, field of view [FOV] = 200 × 200 mm, 64 × 64 matrix, slice thickness = 4 mm, gap = 1 mm, transverse slice orientation, number of slices = 14). Since only conditions belonging to the same time series can be compared, we constructed two types of time series. When only two stimulus conditions had to be compared (two-condition paradigm), six repetitions of this pair of conditions were presented during the time series (Fig. 1B) . When six stimulus conditions had to be contrasted (six-condition paradigm), the subjects viewed two repetitions of a sequence of six stimulus conditions (Fig. 1C) . In both cases each condition lasted 30 s, corresponding to 10 scans. Hence in the two-condition paradigm, only two functional time series had to be averaged to yield a total of 120 images per condition and per slice. In the six-condition paradigm, six functional time series were averaged, yielding the same number of images (n = 120) per condition and per slice. In this last case the sequences in the six time series were randomly chosen such that each condition was once the initial and once the last condition in the series. Sagittal anatomical images (T 1 weighted, three-dimensional gradient echo acquisition) were acquired before the functional scan in each session (FOV = 256 × 256 mm, 256 × 256 matrix, 1.25 mm thickness).
An experimental session consisted of the acquisition of these anatomical images, followed by homogenization of the magnetic field and recording of eight time series separated by 6 min pauses used to store data. In total, a session required 2-2.5 h.
Stimuli
All stimuli were projected onto the translucent screen by a videoprojector. These consisted of random textured patterns (RTP) with a pixel size of 5 min arc and a 50% density. Their standard diameter measured 3°, but diameters up to 14°were also used. They were presented centrally in the visual field. The mean luminance equaled 79.4 cd/m 2 and the contrast 0.97. Six different standard stimuli were created from the RTP (Fig. 1A) . The presentation of the static RTP yielded the stationary (STA) condition. In the uniform motion (UNI) condition all pixels moved in the same direction. In the luminance (LUM) condition static luminance-defined gratings were presented in which alternating stripes differed in luminance (49 and 110 cd/m 2 ). In the kinetic condition (KIN) kinetic gratings were presented in which alternating stripes differed only in motion direction. The motion was parallel to the kinetic boundaries which remained stationary. In the transparent (TR A) condition, created by reducing the width of the kinetic stripes to a single pixel, pixels moved in opposite directions. Speeds in UNI, KIN and TR A, were equal at 4 deg/s, except where mentioned. In the f lickering (FLI) condition a new RTP was shown every 34 ms. The stripe width was identical in KIN and LUM and equalled 0.6°. The direction of motion reversed every 427 ms in KIN, UNI and TR A, while a new axis of motion (out of four possible values) was randomly selected every 854 ms. In LUM, as in KIN, a new orientation (out of four) was randomly selected every 854 ms. These six stimulus conditions were either presented together in a six-condition In addition to the standard kinetic gratings in which the straight boundaries were separated by 0.6°, other kinetic stimuli were created from the RTPs: kinetic gratings with straight edges but separated by 0.3 or 1.2°, as well as kinetic circular gratings with 0.6°wide rings, and kinetic letters which were also 0.6° wide. Four letters with straight edges (E, T, L and H) were presented in random order every 854 ms, in one of the four orientations used with the kinetic gratings. In the circular gratings the axis of motion of the pixels changed randomly every 854 ms, but obviously no change in kinetic contour was associated with this change. These five kinetic stimuli were presented together with the TR A condition in a six-condition paradigm ('6-other boundaries', Table 1 ). To explore the effect of stimulus size, the conditions KIN and UNI were tested with three stimulus diameters (3, 7 and 14°) in a six-condition paradigm ('6-size', Table 1 ).
To map the border of areas V1, V2 and V3, horizontal (HM) and vertical (VM) meridian stimuli were used. These stimuli were wedge-shaped, alternating (2 Hz) checkerboards 20°high by 20°wide for the HM wedges and 40°wide by 20°high for VM edges. Square size increased radially from the centre; contrast and mean luminance were the same as for the RTPs. HM and VM stimuli were presented in a two-condition paradigm.
To activate the LO region (Malach et al., 1995) , we presented either pictures of static objects and scenes or uniform textures in a two-condition paradigm. Stimuli changed every second. Mean luminance and size (7°) was made equal for both types of stimuli.
Data analysis
Brain images were transferred to a workstation, corrected for motion, normalized to Talairach space (Talairach and Tournoux, 1988) and statistical parametric maps (SPMs) were computed using SPM 95 software (Functional Imaging Laboratory, Queen Square, London, UK) supplemented with software developed by Maes et al. (1997) for normalization. Significance thresholds were set at a Z-score of 3.09 (P < 0.001 uncorrected) for activation height (significance level of individual voxels) and P < 0.05 for three-dimensional extent of activations (number of voxels). This latter probability is calculated for each activation defined by its height and (three-dimensional) extent using the theory of Gaussian random fields (Friston et al., 1994) . These thresholds are conservative when the location of areas is known from previous studies, as is indeed the case for areas MT/V5, V3, V3A, and regions KO and LO (Zeki et al., 1991; Watson et al., 1993; Dupont et al., 1994 Dupont et al., , 1997 Malach et al., 1995; Shipp et al., 1995; Tootell et al., 1995a Tootell et al., ,b, 1996 . They do not, however, guarantee significance in an explorative search. To that effect, significance thresholds were set at a Z-score of 4.9 (P < 0.05 corrected) for activation height and at P < 0.05 for extent of activations. These two Z-score levels are indicated by a colour code where results of a single subtraction are shown (as in Figs 2, 3 and 5). When results from several subtractions are combined into one figure, either the most significant voxel is shown (diamonds in Figs 6 and 8) or all voxels reaching Z = 3.09 (Figs 6 and 7) for each subtraction. In both cases the different colours then indicate different subtractions. The location of activations is described by the position in Talairach space of their most significant voxel.
Results
Reproducibility of the KO Activation
We tested 25 subjects (Table 1) in the subtraction KIN-UNI which, according to our previous PET studies, was the optimal manner of revealing the KO region. In 18 subjects the stimulus diameter was 3°, in three subjects 7°, in three other subjects 10°a nd in a final subject 12°. Since activation of the KO region showed little dependence on stimulus size, either in strength or in localization (see also below), data from all subjects were pooled.
The result of subtracting viewing of uniform motion from viewing of kinetic gratings is given for a single subject (TV18) in Figure 2 . This figure shows the voxels in which there was significant differential activation for kinetic gratings compared to uniform motion, displayed on horizontal sections from 12 mm below to 12 mm above AC-PC. A significant (P < 0.05 corrected) Figure   KIN -UNI UNI-STA 6-Standard HM/VM Pictures-textures 6-Size 6-Other boundaries
x activation occurred at levels -4 mm and at AC-PC level in right occipital cortex, in a location (x = 34, y = -90, z = 0) very close to that expected from the previous PET study . Weak activations (P < 0.001 uncorrected) were present bilaterally at the level of the occipito-parietal-temporal junction in positions probably corresponding to area MT/V5, and in the cuneus. Weak activations were also seen bilaterally in the parietal lobe and in the left precentral gyrus (not shown). All these weak activations correspond to regions in which we have observed motion-related activity in other experiments (Sunaert et al., 1996) . Reppas et al. (1996) have reported similar activations in their fMRI study with kinetic stimuli.
One of the distinguishing features of the KO region in the previous PET study was its location with respect to area MT/V5.
The KO region was located at about the same z level as human MT/V5 but 15-20 mm more posterior and medial along the occipital surface. To visualize the relationship of putative region KO to area MT/V5 more clearly the subtractions KIN-UNI and UNI-STA are compared at identical levels for subject TV18 in Figure 2 . The weak bilateral activations anterior to KO in the subtraction KIN-UNI (Fig. 2 , top) clearly correspond to right and left area MT/V5 as defined by UNI-STA (Fig. 2, bottom) . It is worth noting that although the activation of the KO region in KIN-UNI is significant, it is weaker than the activation of area MT/V5 in UNI-STA, again in agreement with the earlier PET study. Thus the criterion used to identify the KO region in the subtraction KIN-UNI was the presence of a region of relatively large significance located close to AC-PC level on the lateral Figure 2 . Location of region KO and area MT/V5 in a single subject. SPMs of the subtractions KIN-UNI and UNI-STA superimposed onto the anatomical horizontal sections of subject TV18 (co-author S.S.) from level -12 to +12 mm with respect to the AC-PC line. Pixels in red reach a Z-score of 3.09, corresponding to P < 0.001 uncorrected, those in yellow a Z-score of 4.9, corresponding to P < 0.05 corrected, those in blue to a Z-score of 6.34, corresponding to P < 10 -5 corrected. The colour code is indicated on the right. The red and green arrows indicate the level of the most significant voxel of the KO region and area MT/V5 respectively. In the sections the right hemisphere is on the left. Stimulus size was 3°d iameter in both subtractions. occipital surface, generally midway in the horizontal portion of the lateral occipital sulcus, in a position ∼15-20 mm posterior and medial from area MT/V5. The example of KO activation shown in Figure 2 is typical for the subtraction KIN-UNI. Activation of the KO region in eight other subjects is illustrated in Figures 3-8 . The subtraction KIN-UNI yielded activation of the KO region, significant given the a priori hypothesis (P < 0.001 uncorrected), in 23/25 subjects (92%). Right KO was identified in 20/25 (80%) subjects and left KO in 17/25 (66%) subjects. In contrast, area MT/V5 was detected bilaterally by the subtraction UNI-STA in all 20 subjects tested. On average, using the most significant voxel as index, the KO region is located at almost the same horizontal level as area MT/V5 (0 compared to +3 mm) but is 18 mm more posterior and 10 mm more medial than area MT/V5 (Table 2 ). The MR signal in the most significant voxel for the subtraction KIN-UNI increased by 1.12% in right KO and 1.07% in left KO compared to 0.99% in right MT/V5 and 0.73% in left MT/V5 (Table 2) . However, the percentage change over area MT/V5 in the subtraction UNI-STA was larger: 2.99 and 2.72% in right and left hemisphere respectively.
In our previous PET studies we sometimes observed conf licting lateralization of KO activation: more right hemisphere activation in one study and more left hemisphere in the other . To characterize the lateralization of the KO activation, we computed for each subject a laterality index, which equals the right minus left percentage change in MR signal divided by their sum. For the KO region the median index was 0.20 (lower quartile [Q 1 ] -0.09, upper quartile [Q 3 ] 0.85, n = 23) using the subtraction KIN-UNI, compared to 0.09 (Q 1 -0.15, Q 3 0.29, n = 20) for MT/V5, using the subtraction UNI-STA. The average lateralization index did not significantly deviate from zero for either of the two regions.
Selectivity of the KO Region for Kinetic Stimuli
In the subtraction of uniform motion from kinetic gratings (KIN-UNI) there is a possible confound, since kinetic gratings contain pixels moving in opposite directions, in addition to the kinetic boundaries. In order to show that only the presence of kinetic boundaries was crucial for activating the KO region, we replaced uniform motion as the control condition by transparent motion. In the subtraction of transparent motion from kinetic gratings (KIN-TR A) the only difference remaining is the presence of kinetic boundaries. In addition to comparing KIN to UNI and to TR A, we also found it useful to include STA and LUM amongst the conditions because it allows one to study the main effects of motion and shape . Indeed the main effect of motion is defined by (UNI + KIN) -(STA + LUM), while the effect of shape is given by (LUM + KIN) -(STA + UNI). Finally we included f licker amongst our conditions since it has been reported that MT/V5 reacts not only to motion but also to f licker in both functional imaging studies (Tootell et al., 1995b) and single cell studies (Lagae et al., 1994) . On the other hand, we have recent evidence that the uniform motion/f licker activation ratio changes systematically among motion-sensitive regions in the human brain (Sunaert et al., 1996) . Thus testing f licker might help further to differentiate the KO region from areas MT/V5 and V3A. Figure 3 contrasts the subtractions KIN-UNI and KIN-TR A for two subjects, one (TV30) in which KIN-UNI revealed a significant activation only of right KO (Fig. 3, top) and one subject (TV38) in which this subtraction revealed the KO region bilaterally (Fig. 3, bottom) . There is striking agreement between the two subtractions since differential activations were very similar both in location and in strength. The subtraction KIN-TR A seems slightly more sensitive since it revealed a bilateral activation of KO (Fig. 3, top) in subject TV30, in whom KIN-UNI revealed only a right KO activation. This was a general observation: the coordinates for the KO region were very similar whether obtained in KIN-UNI or in KIN-TR A (Table 3) . Furthermore, independently of how the KO region was defined, KIN-TR A yielded a slightly larger differential activation of KO than did KIN-UNI (Table 3 ), but this difference was not significant. The activation profile of the KO region (Fig. 4) , averaged over right and left KO regions, plots the relative activation in the five experimental conditions compared to STA. Clearly KIN is the most efficient stimulus, followed by UNI, LUM and TR A, which are about equipotent, while FLI is the least efficient stimulus. UNI seems to drive the KO region slightly more than TR A, in agreement with the slightly larger differential activation of KO in KIN-TR A than in KIN-UNI.
From the activation profile of the KO region it is clear that the main effects of shape and motion are very similar, in agreement with our previous PET study . The main effect of shape also yielded coordinates very similar to those resulting from the other two subtractions used to define KO (Table 3 ). The magnitude of the effect was similar to that of the differential activation of region KO in KIN-TR A, but four conditions are required to calculate the shape effect while only two are needed to make the subtraction KIN-TR A.
Relationship of the KO Region with Neighbouring Areas:
Motion Areas MT/V5 and V3A It is quite clear from the present data that the KO region is distinct from area MT/V5. The anatomical separation was clearly shown in Figure 2 and is also illustrated in Figure 5 . On average, the areas are separated by >20 mm (Table 2) . Given the better spatial resolution of fMRI compared to PET, the distinction is even clearer in the present data than in earlier PET studies. It should also be noted that in the present study the KO region and area MT/V5 are defined by different criteria applied to independent data-sets. The activation profile of area MT/V5 (Fig.  4) is also clearly different from that of the KO region. LUM is a markedly less efficient stimulus compared to uniform motion in area MT/V5. Hence in area MT/V5 the main effect of motion is much stronger than that of shape, in agreement with our earlier PET study .
The subtraction UNI-STA allowed us not only to define area MT/V5 in each subject but also, in most cases, to define a second, more posterior and medial motion area: area V3A. This area is characterized by both a retinotopic organization and a sensitivity to motion nearly equal to that of area MT/V5 (Tootell et al., 1995a . Since both KO and V3A are located behind and medial to area MT/V5, we need to clarify the anatomical relationship between KO and V3A. In fact, results from five subjects show that V3A is located more posteriorly and more medially than the KO region. This is illustrated for two subjects in Figure 5 . Subjects TV33 and TV44 were tested with 10°and 7°d iameters respectively, since area V3A is often better visible with somewhat larger stimuli. In the subtraction UNI-STA only two activated regions are visible in either hemisphere of subject TV33 (Fig. 5, top) : the more anterior corresponds to area MT/V5 and the more posterior and superior one is area V3A. On the other hand, in the subtraction KIN-TR A three activated regions are visible, with KO (red arrows) located between areas MT/V5 and V3A (Fig. 5, top) . In the second subject, TV44, area V3A is clearly visible in UNI-STA in the sections 4 and 8 mm above AC-PC, with area MT/V5 visible in the same subtraction more anteriorly and one or two sections lower. In the subtraction KIN-UNI the KO region is located at -4 mm and the AC-PC level. This subject illustrates that V3A can be somewhat activated in the subtraction KIN-UNI. However, the kinetic activations in KIN-UNI reach their maxima at lower levels than the motion activations in UNI-STA and at these lower levels the kinetic activations in both hemispheres are disjunct from the motion activations. On average, area V3A was located at Talairach coordinates 20,-104,12 and -22,-108,4 in right (n = 3) and left (n = 3) hemispheres respectively. In the same five subjects the average coordinates of region KO were 30,-92,0 and -34,-94,4 in right (n = 3) and left (n = 3) hemispheres respectively. Thus area V3A is located 13 mm behind, 11 mm medial and 6 mm above the KO region. Given the resolution of the MRI (3-5 mm), these areas can thus be considered distinct. This view is further supported by the difference in activation profiles of the two areas (Fig. 4) . UNI and TR A are rather more effective than LUM in V3A, while they were about equally potent stimuli for the KO region. Furthermore, FLI is as effective as uniform motion for driving area V3A, while this was not the case for the KO region. Both the activation profile and the anatomical location thus indicate that KO and V3A are distinct areas. This is not to say that area V3A cannot be activated in the subtraction KIN-UNI, as Figure 5 (bottom) illustrates.
Relationship of the KO Region with Neighbouring Areas: Area V3
It has been suggested that dynamic form, a synonym for kinetic contours such as those defined here, activates V3 (Zeki, 1993) . The reported activation was obtained by subtracting the average of uniform motion and luminance-defined contours from kinetic contours. According to the activation profile of the KO region (Fig. 4) , this subtraction should activate KO as much as Percentage change in fMRI signal relative to condition STA for the five other stimulus conditions. Median and quartiles are shown for the KO region in 14 hemispheres, area MT/V5 in 16 hemispheres and area V3A in eight hemispheres. Relative activation of the KO region differs significantly from that of area MT/V5 (Wilcoxon signed rank rest, P < 0.05) for UNI, KIN, TRA and FLI and from that of area V3A for UNI and FLI. . Location of the KO region compared to that of area V3. Location of the most significant voxels of the KO region (red diamonds) and lateral (orange-brown diamonds) and medial (lilac diamonds) borders of area V3 in both hemispheres of six subjects. For each subject the most significant voxels are superimposed onto the MRI image of their cerebral hemispheres. In order to visualize voxels located in the depth of sulci, the diamonds have been retracted slightly from the brain and 10-80% of the grey matter has been digitally removed, widening the sulci. Bottom: SPMs corresponding to the subtraction KIN-UNI (red voxels) compared to those of subtractions VM-HM (orange-brown voxels) and HM-VM (lilac voxels), superimposed onto the anatomical horizontal sections (-4 to 12 mm above AC-PC) of subject TV37. For the last two subtractions the threshold was lowered to a Z-score of 1.64 (P < 0.05 uncorrected). White arrows point to the most significant voxels in that subject. Stimulus sizes for KIN and UNI were 3°diameter, except in TV44 and TV45 for whom it was 7°.
KIN-UNI, and hence the question arises whether KO is distinct from V3. In order to address this issue, we used the wellestablished retinotopic organization of V3. According to Sereno et al. (1995) , Shipp et al. (1995) and DeYoe et al. (1996) , the lateral border of V3 corresponds to the representation of the vertical meridian (VM). Thus a critical test to show that KO is distinct from V3 is to demonstrate that it is located lateral to the VM representation of V3. This test was performed in 12 subjects, but in only nine of these (Table 1) could we compare the location of the KO region with the VM representation in V3. Figure 6 , illustrating the results of six of the nine subjects, shows that the KO region is indeed located lateral to the VM representation in V3. Figure 6 shows for each hemisphere and each subject the location of the most significant pixel of the KO region, of the HM and the lateral VM representation corresponding respectively to the V2/V3 border, i.e. the medial V3 border, and to the lateral border of V3. For one subject, TV37, the activations in KIN-UNI (red), HM-VM (lilac) and VM-HM (orange-brown) are compared on horizontal sections (Fig. 6, bottom) . It is clear that VM and HM representations alternated as expected: most medially one obser ves a VM representation corresponding to the V1/V2 border, then proceeding laterally, an HM representation indicating the V2/V3 border, followed by a weak VM representation corresponding to the lateral border of V3. Clearly, the KO region, which was activated bilaterally in KIN-UNI in this subject, is located lateral to the lateral VM representation, i.e. the lateral V3 border. This was true for all six subjects shown in the top part of Figure 6 , although in the left hemisphere of subjects TV38 and TV44, the KO region and the lateral border of V3 seem to abut one another. Table 4 gives the average coordinates of the most significant voxels of the KO region, and the lateral and medial borders of area V3. This shows that the lateral border of V3 is located, on average, 8 mm behind, 6 mm medial and 4 mm above the centre of the KO region, suggesting that KO and area V3 are indeed distinct, but abutting areas. This does not mean that V3 cannot react to kinetic contours since it also sometimes reacts weakly to motion. In some subjects we saw weak differential activation over V3 in the subtraction KIN-UNI or in the subtraction UNI-STA.
Relationship of the KO Region with Neighbouring Areas: The LO Region
The KO region is located posterior to area MT/V5 and Malach et al. (1995) have described another region in that position, which they referred to as the lateral occipital (LO) region. This raises the issue of the relationship between the KO and LO regions. Malach et al. (1995) described the LO activation as located in the lateral fusiform gyrus and branching anteriorly into ventral and dorsal branches. The dorsal or ascending branch was located just posterior to area MT/V5 and hence it could very well fit into the space between area MT/V5 and the KO region. Figure 7 shows that this is indeed the case for all three subjects tested (Table 1) . In this figure the LO activation obtained by the subtraction pictures-textures is compared to the activation of area MT/V5 obtained from UNI-STA and with the KO region obtained from KIN-UNI. Region LO appears as a large column of activation curving behind area MT/V5. The upper part runs more or less vertically behind MT/V5 and corresponds to what Malach et al. (1995) called the dorsal branch, although it sometimes appears to extend more dorsally than described by Malach et al. (1995) . The lower part generally extends into the temporal cortex, corresponding to the ventral branch described by Malach et al. (1995) .
In general the dorsal branch of the LO region fits between area MT/V5 and the KO region, although there is some overlap with both KO and area MT/V5. The right part of Figure 7 shows the differential activation in the subtractions pictures minus textures, KIN-UNI and UNI-STA for subject 44 at horizontal levels from 8 mm below to 8 mm above the AC-PC level. This shows that the overlap with MT/V5 is more apparent than real because area MT is located more deeply in the sulcus and the LO region more superficially. But at least in this subject all three activations are fairly distinct. Figure 7 (left) shows that in the left hemisphere of subjects TV45 and TV46 the LO activations are relatively widespread and their tails overlap with the KO region. However, in three of the five hemispheres for which we have data, the KO region was largely separate from the LO region.
Inf luence of Kinetic Stimulus Parameters on KO Activation
In our standard conditions kinetic boundaries were straight, gratings were of medium spatial frequency (0.8 c/deg) and the stimuli were small (3°diameter). In order to generalize our observations, we manipulated stimulus size and grating stripe width, and used kinetic edges other than straight boundaries.
As mentioned earlier, stimulus size had little effect. We tested three stimulus diameters -3, 7 and 14°-in three subjects (Table 1 ). The median (four hemispheres) percentage changes in the most significant voxel of the KO region were 1.1, 1.33 and 0.76% for the three sizes respectively.
In a second experiment we manipulated in three subjects ( Table 1 ) the type of kinetic boundary as well as the width of the kinetic stripes. In this experiment we used the subtraction KIN-TR A rather than KIN-UNI to define the KO region. The median percentage change (six hemispheres) in the most significant voxel of region KO was 1.12, 0.9 and 0.74% for 1.2, 0.6 and 0.3°wide stripes in straight gratings, 0.85% for medium thick (0.6°) circular gratings, and 1.27% for medium thick kinetic letters. Thus thicker stripes and letters activate the KO region somewhat better than thinner stripes and circular gratings, with our standard stimulus, the medium straight gratings, lying in between.
Discussion
Selectivity of the KO activation Our present results extend previous PET studies Dupont et al., 1997) . Under conditions of passive viewing, during fixation, the KO region is activated more by kinetic gratings than by luminance gratings, uniform motion or transparent motion. This shows that KO activation critically depends on the presence of kinetic boundaries in the stimulus, and not on the motion in between the contours, nor on the mere presence of dots moving in opposite directions.
The selectivity of the KO region for kinetic boundaries is maintained over a range of conditions: the size of the stimulus is relatively unimportant and the width of the stripes or the type of edges (straight circular or letter) is also relatively immaterial. Furthermore we were able to obtain a KO activation in at least one hemisphere in the vast majority (92%) of subjects.
Criteria for Defining a Visual Cortical Area in the Human Brain
In the monkey, a series of criteria are used to define a visual cortical region. These criteria include anatomical connections, retinotopy, cyto-and myelo-architectonic organization and functional properties. The anatomical criteria are difficult to use in a living brain since they require a post-mortem examination (see Clarke and Miklossy, 1990; Clarke, 1994) . The retinotopic organization applies to a number of lower order human areas: V1, V2 and V3 (Sereno et al., 1995; DeYoe et al., 1996) and area V3A (Tootell et al., 1995a) , but is difficult to demonstrate in further extrastriate regions, particularly MT/V5 (Tootell et al., 1995b) . This leaves only the functional properties as a criterion for defining cortical areas. In our view, the activation profiles of cortical areas as used here can be considered the equivalent of functional properties in single cell studies. The present study demonstrates that the functional properties of the KO region are different from those of areas MT/V5 and V3A, since their activation profiles are different.
Segregation of the KO Region from its neighbours
Our results show that the KO region is distinct from the immediately neighbouring areas, particularly from the dorsal Figure 7 . Location of the KO region compared to area MT/V5 and the LO region. (Left) Voxels significant at the level of P < 0.001 uncorrected in the subtraction UNI-STA (green), in the subtraction KIN-UNI (red) and the subtraction pictures-textures (yellow) are drawn on the three-dimensional rendering of the posterior part of the cerebral hemispheres of three subjects. To visualize the depth of the sulci, activated voxels were retracted slightly from the brain and 10-80% of the grey matter was removed by digital processing. Colours were made transparent to indicate overlap of activations. (Right) SPMs (same significance level) corresponding to the same three subtractions superimposed onto the anatomical horizontal sections (from -8 to +8 mm above AC-PC) of subject TV44. Stimuli in all three subtractions were 7°in diameter.
branch of the LO region, located anterior to KO, and from areas V3 and V3A, located posterior to KO (Fig. 8) . It is important to notice that in each case the KO region and its neighbours were defined independently, in different subtractions obtained separately, and that we used only single subject analysis.
The KO region was clearly distinguishable from areas V3 and V3A. The peak activations of the KO region and area V3A were separated by 18 mm and the functional profiles of these regions were also different. The peak activation of the KO region was only 10 mm removed from the lateral border of V3. However, the distance between the centre of KO and the center of V3, taken as halfway between the lateral and medial border, is 14 mm. Given the resolution of fMRI (3-5 mm) this indicates that the KO region is also distinct from V3. Because of the stimulus used, the activations of the KO region and area V3A are really those of the representation of central vision in these areas. It is likely that the lateral and medial borders of V3 we obtained here are also those of the representation of central vision in this area, since this part has a much larger cortical magnification (Sereno et al., 1995) . Thus our results suggest that the representations of central vision in these three areas abut one another, in agreement with what has been shown for areas V3 and V3A by Tootell et al. (1996) . Occasionally, overlap between activations obtained in different subtractions can be observed. For example in subject TV44 (Fig.  5 ) the activation in KIN-UNI seemed to spread into area V3A defined from UNI-STA. This is not totally surprising since, on one hand, regions other than KO can be activated by kinetic contours, and on the other, a single region will respond to a range of stimuli, as our activation profiles indicate. These instances of overlap do not detract from the demonstration that neighbouring areas are functionally distinct, if one keeps in mind that the resolution of fMRI is good but limited, and also that the change in functional properties across borders can be gradual (Orban et al., 1980) .
The separation between the dorsal branch of the LO and KO regions seems not as clear cut as the separation of the KO region from V3A and V3. In some instances there was some overlap between the two activations. Overlap between activations will, of course, depend on the strength of the activations, and also on the threshold used to define activation. In our study the threshold was rather low and there are clear interindividual differences in activation strength, as indicated by the difference Figure 8 . Summary: location of the KO region compared to that of areas MT/V5, V3A, lateral border of V3 and the LO region. Red, green, blue and orange-brown diamonds indicate the most significant voxel of KO region, area MT/V5, area V3A, and the lateral border of area V3 respectively. The yellow diamonds indicate the many local maxima (Z-scores 3.09-9.71) of the activation defining the LO region. These voxels are superimposed onto a lateral view of the right hemisphere of subject TV44 (see Figs 5-7) . Thus on the lateral occipital surface, we find from anterior to posterior: MT/V5, followed by the dorsal branch of LO, then KO and V3A, finally V3. Thus the void between the retinotopically organized areas of the human visual cortex and area MT/V5 (Sereno et al., 1995) is filled.
in activation extent (Fig. 7) . The hemisphere in which there was most overlap also showed the largest LO activation. Although we must acknowledge that in some instances there was a substantial overlap between the LO and KO activations, this is far from coextensive activations. Thus the KO and LO regions are certainly not identical. One could argue that KO is the posterior part of LO, but this is also not supported by the data, since the KO region was clearly posterior to the LO region in a number of hemispheres (Fig. 7) . Furthermore, in the subtraction KIN-UNI there was always a clear gap between the activation of the KO region and area MT/V5. Thus the data seem best accommodated by two distinct regions with related functions. Indeed both regions seem to be involved in the processing of shape. In fact, given its extent, the LO activation is likely to correspond to a number of cortical areas. We have recently obtained direct evidence concerning this point in the monkey, in which a similar subtraction activated V4 and a wide extent of infero-temporal cortex (Vanduffel et al., 1997) . Thus the LO region is likely to correspond to a constellation of areas involved in shape processing. This ensemble sometimes includes the KO region, and sometimes does not.
Thus the KO region is truly a new functional entity and not the expression of an existing area. Unlike area MT/V5 (Tootell and Taylor, 1995) , we cannot yet elevate this region to the status of a distinct area because of the lack of anatomical evidence. This functional region, however, together with the LO region, fills the gap on the lateral occipital surface between area MT/V5 anteriorly and V3 and V3A posteriorly (Fig. 8) .
Comparison with Previous PET Studies
There is excellent agreement between the results of the present fMRI study and those of the previous PET study . Both studies used very similar stimulus conditions. In both studies we observed a bilateral activation of the KO region in the subtraction KIN-UNI. The coordinates obtained for the KO activation in the two studies match rather closely (Table 5 ). This is a remarkable finding given the differences in subjects and techniques used in the two studies. The two studies also agree well on the relative strengths of the main effects of shape and motion in the KO region and area MT/V5. In both studies the motion and shape effects were equally strong in the KO region, while the motion effect exceeded the shape effect in area MT/V5.
The present study sheds some light on the intriguing interhemispheric asymmetries in the KO region obtained when we compared rCBF during 'counting non-vertical kinetic gratings' with that during 'counting non-vertical luminance gratings'. In the initial study this subtraction yielded a right-sided activation, similar in location to the coordinates of the KO region obtained in the subsequent studies (Table 5 ). In the replication of this subtraction in the second experiment , using only 10 rather than 14 subjects, only a left-sided activation of KO was observed. The present study shows that, while on average there is no hemispheric asymmetry in the KO activation, individual subjects can display unequal KO activation in the two hemispheres. This will only be exacerbated when a less optimal -i.e. driving the KO region less -subtraction is used. This calls for caution in the interpretation of apparent hemispheric asymmetries when small sample sizes are tested and relatively weak activations are obtained.
Function of the KO Region
Our present results prove that the KO region is specialized in the processing of kinetic boundaries. This not to say that the KO region is the only visual cortical region activated by kinetic gratings. Depending on the subtraction, we have seen that a number of other regions are activated together with KO: area MT/V5, parietal regions and to a lesser degree areas V3A and V3. The present results give added meaning to the previous PET studies. The similarity in coordinates obtained for KO activation in the PET and fMRI studies supports the view that the KO region is not only selective for kinetic boundaries when the subject remains passive to the stimulus, but is actually engaged by those tasks in which the subject has to use the kinetic boundary stimulus. This logical step from passive to active experiments is not always straightforward, as the example of area MT/V5 shows Cornette et al., 1997) .
That the KO region plays a predominant role in the processing of kinetic boundaries, more so than area MT/V5, is in agreement with our recent lesion study in the monkey (Lauwers et al., 1995 (Lauwers et al., , 1996 showing that even lesions including area MT and satellites have hardly any effect on the orientation discrimination of kinetic boundaries. From the KO region the signals are in all likelihood sent into the ventral occipito-temporal stream, since in the present study and the previous PET study regions in the fusiform and inferior occipital gyri displayed significant main effects of shape, without significant main effects of motion. This is again in agreement with findings in the monkey, since Sáry et al. (1993) have shown that infero-temporal cells display the same shape selectivity for kinetic-and luminance-defined shapes.
The nature of the operations performed by neurons in the KO region is unclear. One possibility is a preprocessing of the motion signals to extract motion direction and enhance motion discontinuities by antagonistic surrounds (Orban and Gulyás, 1988) . As discussed in our previous publication , the strong responses to kinetic gratings imply that KO neurons, in addition to having antagonistic surrounds, should also be non-direction selective, a property that distinguishes them from MT/V5 neurons (Dubner and Zeki, 1971; Maunsell and Van Essen, 1983 ). An alternative possibility is that KO neurons are themselves orientation selective for kinetic boundaries. The answer to this question can come only from recording single neurons in the KO region. As this is ethically difficult in humans, it will require the identification of the monkey cortical area that is the homologue of human area KO, a task in itself.
Conclusion
Activation of the KO region can be observed in most, if not all, human subjects; this region is clearly specialized for the processing of kinetic boundaries and is distinct from its surrounding regions. It thus seems to fulfil the criteria necessary to be considered a separate cortical region of the human brain. It is unclear which is the homologous area in the monkey. This is Orban et al. (1995) : counting orientation of kinetic and luminance gratings.
c Dupont et al. (1997) : KIN-UNI.
presently being explored with metabolic mapping (Vanduffel et al., 1995) .
Notes
